Mucins purified from porcine stomachs have gained importance in biomedical applications as they exhibit unique features such as hydrogel formation, lubricity and antivirality. Because commercially available porcine gastric mucins (PGM) are neither gel forming, nor do they reduce friction, a robust purification process for functional mucins from porcine tissue (mainly Muc5AC) is necessary. Based on our former investigations (V. J. Schömig, B. T. Käsdorf, C. Scholz, K. Bidmon, O. Lieleg and S. Berensmeier, RSC Adv., 2016, 6, 44932-44943), we further optimized the established purification process in terms of productivity and overall yield as well as ease of scalability. We therefore introduced a novel extraction method -solid liquid liquid extraction (SLLE) -as an early capture step from homogenized porcine stomach, which combines conventional solid liquid extraction with a second, immiscible solvent, to simultaneously delipidate the tissue and extract hydrophilic proteins into the polar phase. Using Design of Experiments (DoE) the parameters incubation time and ratio of solvent phases (hexane/water) were identified to 3 h and 1/15 for SLLE, respectively. PGM was collected in the polar phase and further purified by size exclusion chromatography and diafiltration. With the homogenization of porcine stomach and the introduction of the SLLE, up to 3570 mg mucin per stomach can be purified, resulting in 55 times more PGM compared to the former published reference process. The productivity of the process was up to 25 mg mucin per stomach and per h, representing an improved process productivity by a factor of 4. Lubricity and gel formation of the purified mucin were retained with the optimized extraction protocol.
Introduction
Mucins are high molecular weight glycoproteins and a component of mucus, a gel layer that protects inner parts of the body such as the gastrointestinal tract, genitals and the respiratory tract from shear forces and infection. Mucus consists of not only mucins, but it also contains a high portion of water (95%), lipids, salts, growth factors and other proteins. 2 More than a dozen mucins have been identied, which are divided into membrane-bound and secreted mucins. Most of the secreted mucins are gel forming such as Muc5AC, which is common in the stomach, and Muc5B, which is found in the respiratory tract.
3,4 Native gastric gel forming mucins offer unique properties, such as gel formation at acidic pH values, 5, 6 excellent lubricity 7 and they act as a threshold against pathogens due to their physical and interaction-based barrier.
Mucin monomers have a molecular weight of 640 kDa. 8 However, because of inter-and intramolecular disulde bonds, mucins are linked together to form polymers of up to 40 MDa. [9] [10] [11] 80% of the glycoprotein's molecular weight is assigned to carbohydrate moieties that make mucin mostly hydrophilic and play a major role in the protein's net negative charge and its functionality. Hydrophobic patches within the protein backbone contribute to the excellent adsorption onto hydrophobic surfaces 12 and serve as the basis for the high lubricity of mucins. 7, [12] [13] [14] Another key feature is the gel formation of PGM at acidic conditions. 5, 6, 11, 15, 16 Moreover, mucin distinguishes itself with interactions to molecules 17 and charged particles. 18 Also, the antiviral properties of PGM have been discussed 19 and make this glycoprotein attractive for application in the medical eld. Many of these functional properties have already been utilized in biomedical applications: layers of puried mucins decrease friction 7, 13, 20 between materials making them a suitable coating for implants, and thermo-responsive mucin gels on wounds can reduce bacterial and viral infections. 21 Commercially available mucins such as PGM type II and III (Sigma-Aldrich) lack these key properties, as has been shown previously.
1, 16, 19 Even cell toxicity was observed for some commercial PGMs. 19 Therefore, commercially available mucins from porcine stomach cannot be applied to biomedical purposes utilizing the above named key properties. The insufficient availability of functional mucins and the impossibility to produce mucins recombinantly in animal cells make an efficient purication of gel forming and lubricating mucins from tissue necessary.
While older publications mainly focused on the analysis of mucin structure and provided only small amounts of protein, 9, [22] [23] [24] no studies concentrated on high yields and productivities. In our former studies, a robust reference process (see Fig. 1 , le) has already been established. There, the addition of protease inhibitors and buffer components, as well as the functionality and yields of the target protein, and process productivity were addressed.
1 The mucus was manually scraped from porcine stomachs. The collected mucus was hydrated overnight in buffer, and three centrifugation steps followed to remove cells, cell debris and lipids, before the mucins were concentrated with crossow ltration. Low molecular weight proteins and other small molecules were depleted using size exclusion chromatography (SEC). Next, salts were removed with dialtration and PGM was formulated by lyophilization. With the reference process, up to 65 mg mucin per stomach and a productivity of approx. 6 mg mucin per stomach and per hour were achieved. However, the preparation of tissue by manual scraping of mucus was costly in terms of labor and time. Much PGM was lost during sample collection, and the successive centrifugation steps made further scale-up unrealistic. For this purpose, the aim of these studies was to optimize the capture steps during the purication of PGM in terms of (1) time-saving sample collection, (2) scalability of the capture steps, (3) improvement of yields and productivities and (4) preservation of functionality.
One promising possibility is the solvent-based extraction of mucins from homogenized raw stomachs as an early capture step (see Fig. 1a , right). Solvent extraction from solid phases is mostly used in the food industry to obtain sugar from sugarcane, produce instant coffee or tea 25 or extract fats from plants. 26, 27 In the pharmaceutical industry, organic solvents are used to extract pharmacologically active compounds such as vitamins, antibiotics and steroids. 26, 28, 29 Yet, solvent extraction is only seldom applied to remove undesired lipids and thereby further purify proteins from a complex tissue. 30 However, the extraction simplies the collection of biological tissue in the early puri-cation process and can save expensive and time consuming process steps. For extraction, sample collection and manual scraping by hand is replaced by homogenizing entire porcine stomachs. For further capture of the target protein from the homogenized tissue, we introduced a novel extended extraction method called solid liquid liquid extraction (SLLE). For this method, the conventional solid-liquid extraction is advanced and an additional phase, which is immiscible with the other liquid phase, is added. Thereby, three phases coexist: the solid phase, which incorporates the target protein and lipids among other compounds, a polar solvent and a nonpolar solvent. Within one process step, undesired hydrophobic compounds are discarded into the hydrophobic phase (delipidation) and hydrophilic complexes such as (glyco-)proteins (e.g. Muc5AC) diffuse into the aqueous phase. The process is easily scalable and two centrifugation steps used in the reference process 1 can be omitted. Thereby, process productivity is enhanced.
In the following, the optimization of mucin purication with SLLE as an alternative capture step is demonstrated and compared to Schömig et al.
1 Porcine stomach is homogenized and delipidated with organic solvents, while compounds such as glycoproteins (Muc5AC) are collected in the hydrophilic phase. The parameters incubation time and ratio of organic and inorganic solvents for the delipidation and extraction of glycoproteins, respectively, are examined using statistical design. Further purication of Muc5AC from the aqueous phase is conducted analogously to the reference process, consisting of SEC and dialtration. In order to represent a more convenient alternative to former capture steps, 1 we demonstrate the improvement of yield and productivity as well as the preservation of the protein's functional properties.
Experimental

Materials
Hexane, Schiff's stain and periodic acid (1%) were obtained from Carl Roth (Karlsruhe, Germany). Antibodies against Muc5AC (ABIN966608) and the secondary antibody (HRP conjugated, ABIN237501) were purchased from antibodiesonline.de. Agarose was obtained from Cleaver Scientic (Rugby, UK). Column material Sepharose 6 Fast Flow was obtained from GE Healthcare, UK.
Methods
Homogenization of stomachs. Fresh porcine stomachs were obtained from a local slaughterhouse and further processed on ice. The stomachs were cut along their longitudinal axis and remaining food was rinsed with tap water. The stomachs were stored at À80 C until further use. For the preparation of the tissue delipidation, a porcine stomach was thawed overnight at 4 C and consequently shredded with a homogenizer (type M71 4) for 5 min. In order to prevent heating of tissue, 10 ice cubes (corresponding to approx. 80 mL) were added. This dilution was neglected in further calculations. The homogenate (approx. 750 mL) was diluted to a nal concentration of 75% (v/v) with 10 mM sodium phosphate buffer including 170 mM NaCl, pH 7.0. The porcine stomach homogenate was aliquoted and stored at À80 C.
Optimization of solid liquid liquid extraction (SLLE) using Design of Experiments (DoE). The inuencing factors on the extraction such as time of incubation and hexane/water ratio were evaluated with Design of Experiments (Soware Design Expert™, version 8.0.7.1) using a response surface model (RSM).
Aer thawing the material at 4 C, 1.4 g homogenate were weighted in a 50 mL sample tube and mixed with hexane/water ratios between 3/2 and 1/15. The nal volume was 8 mL. The samples were mixed with stirring bars (1200 rpm) at 4 C for 15 min to 24 h. Subsequently, the samples were centrifuged for 30 min at 4 C and 3200 Â g (Heraeus™ Megafuge™ 16R, Thermo Fisher Scientic GmbH) and the upper solvent phase and lipid phase were removed. The lower aqueous solvent phase was collected and analyzed for glycoproteins (response Y 1 ) using PAS assay, and Muc5AC (response Y 2 ) using an indirect ELISA. Based on the responses, the models were approximated with quadratic functions describing the surface of the model (eqn (1))
where y is the response, x i and x j are input variables b 0 , b i , b j , are coefficients and b ij refers to the interaction coefficient between variables i and j. Depending on the signicance, the terms were included or omitted to describe the model. Optimized SLLE protocol. In order to purify mucins from homogenate, a 50 mL sample tube was lled with 5.6 g (75% v/v) of tissue. The homogenate was mixed with a hexane/water ratio of 1/15 with a maximum volume of 32 mL. The preparation was stirred with a magnetic stirrer at 1200 rpm and 4 C for 15 min, 3 h and overnight, respectively. In order to enhance phase separation, the sample was later centrifuged at 4 C for 30 min and 3200 Â g (Heraeus™ Megafuge™ 16R, Thermo Fisher Scientic GmbH). The solvent phase and lipid rich interphase were gently removed with a syringe and the aqueous phase containing proteins and glycoproteins was removed for further purication and analysis. Concentration. Where applicable, the aqueous phase was concentrated (4-5 fold) using crossow ltration at room temperature (SARTOFLOW® Slice 200 benchtop crossow system, Sartorius AG, Goettingen, Germany) with a 100 kDa membrane cassette (SARTOFLOW® Slice 200 Hydrosart®, Sartorius, membrane area of 200 cm 2 ). 1 Constant pressure mode was applied with Dp TM of 1 bar. The membrane was washed in 50 mL of 10 mM sodium phosphate buffer (pH 7.0, supplemented with 170 mM NaCl) for 5 min in circular ow.
Size exclusion chromatography. Size exclusion chromatography usingÄKTAexplorer® (GE Healthcare, Amersham Biosciences, Freiburg, Germany) was conducted as described in Schömig et al.
1 In brief, a Sepharose 6 Fast Flow column (GE Healthcare, UK) with a bed volume of 176 mL was used to fractionate the proteins by size. 10 mM sodium phosphate buffer (pH 7.0, supplemented with 170 mM NaCl) was used as equilibration buffer and running buffer to elute the target protein. The column was loaded with 0.11 column volumes (CV), equal to 20 mL of the concentrated aqueous phase, and separated at a ow rate of 30 cm h À1 . Absorbance at 280 nm and 215 nm were recorded online. 5 mL fractions were collected and analyzed with ELISA and periodic acid/Schiff's stain (PAS) assay. Muc5AC containing fractions were pooled and analyzed. Dialtration. In order to remove buffer salts, the pooled fraction was dialtrated according to Schömig et al.
1 Briey, the fractions were ltrated using a 100 kDa membrane cassette of 200 cm 2 at 1 bar transmembrane pressure until a conductivity of <100 mS cm À1 was reached in the retentate. For low volume samples, centrifugal tubes with 100 kDa membranes (Macrostep®Advance, Pall GmbH, Dreieich, Germany) were applied for the removal of salts. Finally, the protein solution was lyophilized overnight at À60 C and 0.06 mbar (Alpha 1-2 LD, Christ,
Osterode am Harz, Germany).
Analytical methods
PAS-assay. The periodic acid/Schiff's stain (PAS) assay for detection of carbohydrates and glycoproteins was conducted in microtiter format (Nunc® MicroWell™ F bottom Sigma-Aldrich, Crailsheim, Germany) according to Kilcoyne et al. 32 In brief, 25 mL of sample were incubated with 120 mL of 0.06% (v/v) periodic acid (diluted in 7% (v/v) acetic acid) in each well for 90 min at room temperature. 100 mL Schiff's stain (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was added. Aer 60 min of incubation at room temperature, absorption was measured at 550 nm (Innite M 200 PRO Series, Soware: Magellan V 7.0, Tecan GmbH, Crailsheim, Germany). Puried mucin 1 was used as protein standard in the range of 0.125 mg mL À1 to 1 mg mL
À1
. ELISA. In order to determine the concentration of gel forming Muc5AC, an indirect ELISA was carried out. According to Schömig et al., 1 100 mL samples were incubated with a monoclonal anti-Muc5AC antibody (antibodies-online.de, ABIN966608) in microtiter plates (Nunc® Micro Well™ F bottom Sigma-Aldrich, Crailsheim, Germany), and visualized by a secondary antibody labeled with horseradish peroxidase (antibodies-online.de, ABIN237501). Between each incubation step, the wells were washed with 200 mL blocking buffer (5% (w/ v) milk powder in PBS with 0.1% (w/v) Tween 80). The enzymatic reaction was initiated by adding H 2 O 2 and the substrate ophenylendiamine (oPD) (AppliChem GmbH, Darmstadt, Germany). Aer 6-8 min of incubation, 1 M H 2 SO 4 was added to stop the reaction. Absorption was measured at 490 nm (Innite M 200 PRO Series, Soware: Magellan V 7.0, Tecan Deutschland GmbH, Crailsheim, Germany). Puried Muc5AC 1 was used as protein standard in the range of 1.25 mg mL À1 to 80 mg mL À1 . 50 mM carbonate buffer at pH 9.6 served as the blank and the dilution of all samples. UV. The total protein concentration was determined using UV spectroscopy at 280 nm. Bovine Serum Albumin (BSA) was used as standard in the concentration range between 0.125 mg mL À1 and 2 mg mL À1 . A 100 mL sample was pipetted into a 96-well UV plate (BrandTech® Scientic, Essex). Samples and standard were measured at 280 nm in a photometer (TECAN innite M200 PRO series, Tecan Deutschland GmbH, Crailsheim) and the concentrations of unknown samples were determined. DNA content. Double-stranded DNA (dsDNA) was determined using BioSpectrometer® basic (Eppendorf AG, Hamburg, Germany). A 4 mL sample was pipetted into a 1 mm cuvette mCuvette™ G 1.0 (Eppendorf AG, Hamburg, Germany), and purity was determined according to the ratio A 260/280 . The concentration of dsDNA was determined with Lambert Beer using a predened factor given by Eppendorf AG.
Characterization
Rheology. Viscoelasticity measurements were conducted for 1% (w/v) puried mucin according to Schömig et al.
1 In brief, puried, lyophilized mucin was hydrated in 90% ddH 2 O before adding 10% of 10Â phosphate buffer, pH 2. The samples were incubated for another 2 h at 4 C before analysis. Samples of 100 mL were pipetted onto the plate/plate measuring setup (PP25, Anton Paar, Graz, Austria) with 125 mm plate separation of a stress-controlled shear rheometer (MCR 302, Anton Paar, Graz, Austria). The storage modulus G 0 and loss modulus G
00
were recorded in the range 0.1-10 Hz at 21 C.
Tribology. The friction measurements of mucin were performed with a rotational tribology setup on a shear rheometer (MCR 302, Anton Paar) equipped with a tribology unit (T-PTD 200, Anton Paar). The measurements were performed using a sphere-cylinder geometry as described in Boettcher et al.
33
Steel spheres had a diameter of 12.7 mm (Kugel Pompel, Vienna, Austria), the PDMS cylinders were prepared as described in Crouzier et al. 13 and cleaned with 80% ethanol. 600 mL of a 0.1% (w/v) mucin solution in 20 mM HEPES, pH 7.4, were pipetted into the setup. The steel sphere was rotated on the PDMS cylinders at a normal force of 6 N. A speed ramp from 1000 to 0.01 mm s À1 was applied at a temperature of 21 C in order to obtain information about the friction coefficient.
Results & discussion
In Schömig et al. 1 we addressed the rising demand for functional mucins for biomedical applications and established a purication process that offered puried gel forming and lubricating PGM. To further enhance the productivity and increase the overall recovery of PGM, the process was optimized by altering the harvest and by introducing a novel process step, the solid liquid liquid extraction (SLLE). The extraction process differs from the reference process in several important characteristics: the tissue is prepared by shredding the whole stomach instead of scraping the interior mucosa. Thereby, mucins produced inside the goblet cells are released and can also be recovered. Time consuming centrifugation steps that were needed in the reference process to discard cells, cell debris and lipids are replaced. Instead, the technique of SLLE enables the simultaneous separation of cell debris as well as delipidation by organic solvents and hydration of polar glycoproteins into the aqueous phase. Also, the scale-up of SLLE is easily applicable in contrast to (ultra-)centrifugation. Aer SLLE, the aqueous phase Fig. 1. 
Design of Experiments
In pilot experiments, various organic polar and nonpolar solvents were screened in order to examine their compatibility with the target protein. Hexane was the most suitable solvent, as it is immiscible with water and gel formation was not affected (see ESI Fig. S1 †) . Using statistical design, the inuence of the incubation time and the ratio of hexane/water on the delipidation and diffusion of glycoproteins and Muc5AC out of the homogenate was evaluated. These parameters were chosen to be optimized since delipidation is strongly inuenced by time.
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Also, the ratio of solvent phases and thus the ratio of each solvent to the sample is known to have an effect on the yield during extraction. 35 While also the temperature inuences the extraction, we deliberately set the temperature constant to 4 C.
The reasons for this were the following: (1) at elevated temperatures proteins are more susceptible to denaturation in the presence of organic solvents 36 and (2) the absence of protease inhibitors could not be completely precluded and possible enzymatic cleavage was thereby set to a minimum. The total volume was kept constant at 8 mL because this ensured the same turbulence in each experimental set-up and enabled a comparison between experiments. This in turn made a constant mass of sample (1.4 g) necessary. Optimization was conducted using the soware Design Expert® with a Response Surface Method (RSM) and Face Centered Composite Design (CCF). The time of extraction (A) was varied between 0.25 and 6 h. The ratio of hexane/water (B) was investigated between 1/15 and 3/2. Mixing with a magnetic stirrer was set to 1200 rpm. The masses of glycoproteins (Y 1 ) and Muc5AC (Y 2 ) in the aqueous phase were chosen as responses. The resulting models are shown as 3D contour plots in Fig. 2 . Experiments were conducted randomly to reduce systematic errors. The center point was repeated ve times, while the axial points were repeated twice.
The mass of glycoproteins, analyzed with PAS assay, was 7.08 mg at its maximum and 4.22 mg at its minimum (Fig. 2a) . The mass of Muc5AC, determined by ELISA, varied between 0.09 and 0.17 mg (Fig. 2b) .
For both responses, the masses of glycoproteins (Y 1 ) and Muc5AC (Y 2 ), signicant models were generated following the quadratic functions given in eqn (2) and (3), respectively. The evaluation of statistical relevance within the experimental space was conducted using the soware Design Expert®. The validity of the models was conrmed by validation at three random points within the model space. ANOVA tables with p-values and lack of t values of both models as well as the model validation are provided in the ESI (Tables S1-S5) 
The mass of glycoproteins in the aqueous phase was strongly inuenced by the extraction time. Aer 3 h more than 6 mg were extracted. No further increase was observed within the investigated range. However, the glycoprotein mass in the aqueous phase was not signicantly changed with varying ratios of hexane/water. The highest yield was reached with the lowest amount of hexane (ratio of hexane/water 1/15). In contrast, the mass of Muc5AC showed a strong dependency on the ratio. The lower the ratio, the more Muc5AC was detected in the aqueous phase. The highest amount measured was 0.17 mg at 1/15 hexane/water and 6 h of incubation.
It is obvious that the models of glycoprotein and Muc5AC yields did not correspond. For glycoproteins, the incubation time mattered. By rigorous stirring at 4 C, the hydrophilic glycoproteins were hydrated and diffused into the water. The extraction time correlates with the diffusion of molecules due to a concentration gradient. 37 Aer 3 h, a balance of glycoproteins in the aqueous phase seemed to be reached. The same tissue was extracted a second time. This time, more glycoproteins diffused into the water phase that had not been extracted in the previous extraction (data not shown). For the gel forming Muc5AC, more protein was detected with a higher volume of aqueous phase. This is in general observed for extractions, as the partition of a component between two phases can be enhanced by increasing the volume. 26 Within this range of experimental set-up, no maximum of Muc5AC mass was detected. This led us to the hypothesis that more Muc5AC can be obtained with a higher volume of water corresponding to a further reduction of the hexane/water ratio, respectively. Maybe even a lamination with hexane can be successful in delipidating the tissue. This suggestion is part of future investigations.
The missing congruency can have several reasons. Glycoproteins were analyzed using the PAS assay. However, with this assay sugar residues can also be detected in addition to glycosylated proteins. These seemed to diffuse independently of the solvent/water ratio but with a longer incubation time. Glycoproteins and especially gastric mucins can be covalently and non-covalently attached to lipids. [38] [39] [40] With the transition of lipids in the organic phase and thereby detachment from mucins, those hydrophilic mucins become more susceptible for the transition into the aqueous phase.
These results do not permit any conclusions about the functionality of puried mucin but solely describe the amount of glycoproteins and Muc5AC that can be obtained by delipidation of porcine stomach homogenate. The maximum mass of Muc5AC was determined for the hexane/water ratio of 1/15. In further purications, extractions of 15 min, 3 h and overnight were conducted, and functionality in terms of viscoelasticity and tribology was compared as discussed in Chapter 3.3.
Purication of mucins with SLLE
The purication of Muc5AC was conducted based on the scheme depicted in Fig. 1 . The aim of the advanced purication process was the increase of productivity with a high yield of gel forming Muc5AC and glycoproteins. Aer delipidation of 5.6 g homogenate (75% v/v) using the optimized parameters of DoE (hexane/water 1/15, incubation time 3 h), 20 mL aqueous phase with a total of 11 mg extracted Muc5AC were injected onto the SEC (CV ¼ 167 mL). Due to the low volume, no preconcentration using crossow ltration was conducted. Fractions of 5 mL each were collected during SEC and analyzed for glycoproteins and Muc5AC (Fig. 3) . Three distinctive peaks were eluted, in which glycoproteins were detected. The concentration of glycoproteins was highest in the rst peak reaching a maximum of 0.35 mg mL À1 . Muc5AC was solely detected in the rst peak with up to 0.1 mg mL À1 . The second and third peak showed a high concentration of general proteins, quantied by absorbance at 280 nm. In order to collect the least amount of contaminating proteins, fractions between 0.3 and 0.45 CV (corresponding to 9.5 mg Muc5AC) were pooled. The Fig. 2 Influence of the ratio of hexane/water and incubation time on (a) the mass of glycoproteins and (b) the mass of Muc5AC in the aqueous phase after SLLE of 1.4 g stomach homogenate, respectively. The total volume was 8 mL throughout the experiments. The data were interpreted using Design of Experiments, and assimilated with significant models. The glycoprotein concentration was determined using PAS assay, and Muc5AC was determined with ELISA. Each model is based on 21 experiments.
pooled sample was dialtrated against ddH 2 O until the conductivity of the retentate was <100 mS cm À1 and the retentate was nally lyophilized. Only a small portion of low molecular weight sugar fragments was determined during the SEC run (Fig. 3) . Therefore, a degradation of the target protein into sugar residues aer delipidation with hexane (incubation time 3 h, solvent/water ratio 1/15) could be neglected.
In order to determine the partial and overall yields as well as process productivity, samples were analyzed for protein content before and aer each purication step. The results are summarized in Table 1 .
The overall yield of Muc5AC was determined to be 65%, which represented an increase by a factor of two compared to the reference process. Due to solid compounds and lipids before the extraction process, no concentration could be determined using ELISA. Because of the small scale, no crossow ltration was applied before injection onto SEC. Dialtra-tion was conducted with a 100 kDa membrane cassette.
1 The low volume aer SEC only permitted the use of centrifugal tubes (100 kDa membranes). In total, 5.8 mg PGM, corresponding to with 65 mg mucin per stomach. By scaling up the amount of homogenate by a factor of 4 and applying subsequent crossow ltration before SEC, we were able to increase productivity to 25 mg mucin per stomach per h compared to a productivity of 6 mg mucin per stomach per h in the reference process. The potential for even further increases is given. The number of process steps was reduced by a total of two centrifugation steps.
Characterization of puried mucin
In addition, the nativity of the puried mucin needed to be preserved in terms of viscoelasticity and lubricity in order to be of interest for biomedical applications. Therefore, the impact of delipidation on the quality of puried mucin for different extraction times (15 min, 3 h, overnight) and a constant hexane/ water ratio (1/15) was investigated. Furthermore, the puried protein was screened for DNA and tested if the quality characteristics mentioned above are inuenced by DNA. Mucins were puried analogous to the scheme depicted in Fig. 1 with the parameters mentioned. Gel formation of mucin solutions. Viscoelasticity at pH 2 was compared based on their storage modulus G 0 and loss modulus G 00 at 1 Hz for 1% (w/v) reference mucin and mucin puried with the SLLE protocol with extraction times of 10 min, 3 h and overnight (Fig. 4) . PGM that was extracted for 3 h formed a gel with a similar viscoelasticity compared to mucin puried based on Schömig et al., 1 namely PGM_Ref. This was expected at this pH value and has been discussed multiple times. 5, 6, [41] [42] [43] Viscoelastic behavior could therefore be retained aer 3 h of extraction with hexane. Aer 15 min of extraction, no gel formation occurred at acidic conditions. Although for Ex_o/n the elastic modulus G 0 predominated G 00 at 1 Hz, no clear gel formation could be shown for higher frequencies (data not shown). The missing gel formation aer 15 minutes of SLLE can be attributed to the low recovery of general glycoproteins apart from Muc5AC (see Fig. 2 ) and to the lower ratio of extracted general glycoproteins to Muc5AC. With the established , column volume (CV) 167 mL, column diameter: 16 mm, running buffer: 10 mM sodium phosphate buffer with 170 mM NaCl, pH 7.0. All fractions of 5 mL each were analyzed in terms of total protein (280 nm, white), glycoprotein (PAS assay, black) and Muc5AC (ELISA, red). Table 1 Summary of Muc5AC yields during purification using solvent extraction for delipidation of porcine homogenate. SEC with Sepharose 6 Fast Flow (CV ¼ 165 mL), diafiltration using centrifugal tubes (MWCO 100 kDa). The yields, concentrations, volumes and masses before and after each purification step are presented. Concentration was determined with ELISA. Results represent the mean and standard deviations of analytical triplicates
Process step
Yield,% c before , mg mL purication process, other high molecular weight mucins such as Muc5B, also present in stomachs, cannot be excluded. These can additionally contribute to gel formation but might not have been extracted aer 15 min. Also, lipids that have not been extracted into hexane in this time span can be covalently attached to Muc5AC 40,44-46 interfering with gel formation. However, gel formation seems not to be negatively inuenced by lipids, on the contrary, a positive inuence on mucin viscosity has been observed in previous studies. 40, [44] [45] [46] Extraction overnight did not result in gel forming mucin, either. This suggested that hydrophobic interactions with hexane did have a negative effect in the long run and eventually led to a disruption of inter-and intramolecular interactions needed for gel formation. Harsh conditions have been described to impair gel formation of mucins.
16,47 SLLE for 3 h did result in a hydrogel, similar to the reference mucin. This might in reverse be due to a small portion of other gel forming glycoproteins such as Muc5B and lipids covalently attached to mucin as well as the shorter incubation with hexane.
Lubricity of mucin solutions. The lubricity of puried mucins was tested with a steel/PDMS set-up and compared to reference mucin 1 (Fig. 5) . For good lubrication characteristics, low friction coefficients especially at low sliding velocities (boundary lubrication) are expected. The mucins puried with SLLE differed signicantly: PGM extracted overnight (Ex_o/n) did not show any lubrication in the range of boundary lubrication and behaved like buffer. Also, PGM extracted for 15 minutes (Ex_15 min) showed similar results with friction coefficients up to 0.5. Mucin, extracted for 3 h (Ex_3 h), showed a tendency to lubricate with friction coefficients in the range of 10
À1
. Compared to reference mucin (PGM_Ref), friction for Ex_3 h was higher at 10 À2 to 10 0 mm s
. However, lower friction coefficients were achieved with Ex_3 h compared to commercial mucins (Sigma-Aldrich types II and III), that did not show any lubricity in the boundary lubrication regime.
1
The missing lubricity for Ex_15 min might be due to insufcient hydration in the boundary layer, which is needed for lubrication.
12,13 However, a difference was observed compared to pure buffer. It has been discussed that covalently bound lipids that have not been depleted during purication can lower friction.
48-54 Also, intact sugar residues are needed for lubricity of mucin. 7, 12, 13 With the overnight incubation, the glycoproteins were exposed to hexane for a longer time, and glycoproteins were fragmented as observed from SEC chromatograms (see ESI Fig. S2 and S3 †) . Therefore, reduced hydration and decreased lubrication might have occurred. 13 Incubation for 3 h resulted in a reasonable decrease in friction. Since the yield of glycoproteins was at its maximum aer 3 h (see Fig. 2 ) without any observable fragmentation during SEC, the hydrating effect was retained. Not-depleted lipids might have additionally added lubricity to puried PGM. 55 The process needs to be optimized in terms of robustness, as functionality was not conrmed in all cases. This makes a thorough characterization of mucin structure and impact factors for its key properties necessary. However, inuence factors have not been completely elucidated so far. 6, 43, 56 DNA content of mucin solutions. During the examination of the gel formation of mucin a white smear was observed for mucin that had been in contact with hexane. Since the presence of DNA in puried mucin has been discussed multiple times in previous works, 57,58 the impact of nucleic acids on the protein quality was evaluated. For this purpose, reference mucin (PGM_Ref) and PGM extracted with SLLE (PGM_Ex_3 h) were analyzed for DNA content (Fig. 6) .
DNA residues were detected in mucus, homogenate and puried mucin. Due to the degradation of genomic DNA, the bands were broad and not dened. There was a distinct band for non-puried mucus (a), while a weak band was identied for the homogenate. The amount of DNA residues in puried reference mucin was higher compared to mucin from the Fig. 4 Storage modulus G 0 and loss modulus G 00 at 1 Hz of purified mucins (1% w/v), using the SLLE as the capture purification step (extraction of 15 min, 3 h and overnight (o/n)). Mucin purified by the reference process (PGM_Ref) is shown for comparison. All measurements were conducted in 10 mM sodium phosphate buffer at pH 2 and room temperature. extraction process (b). Furthermore, quantitative analysis of the DNA content with the Eppendorf BioSpectrometer® basic conrmed the higher concentration of DNA in scraped mucus compared to shredded crude homogenate as well as a higher purity of puried PGM_Ex_3 h in contrast to PGM_Ref in terms of nucleic acids (for detailed information see ESI Table S6 †) . These results indicated that the white smear observed in extracted mucin solutions was not attributed to an increased DNA concentration. The reason for the lower content of nucleic acids aer shredding instead of scraping the stomach might be due to the following: (1) homogenization for 10 min did not break up cells, or only did so partially, while scraping destroyed epithelial cells. (2) Hydration in buffer overnight, as was the case in the reference process, could have promoted the diffusion of DNA polymers out of the mucus into the buffer. In contrast to that, aer 3 h not all nucleic acids were extracted from the homogenate. (3) DNA polymers interact with cationic lipids, [59] [60] [61] leading to the diffusion of the created hydrophobic complex into nonpolar solvents. (4) Accumulation of DNA polymers in the interphase is also oen described for the extraction of DNA.
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As expected, nucleic acids were not completely removed by ltration using 100 kDa membranes and subsequent SEC. 57 In order to minimize the DNA content, CsCl gradient centrifugation can be applied 23, 24, 57 or DNA can be precipitated. 24 Despite a DNA content of around 15% in puried PGM_Ref, gel formation and lubricity were reported. Moreover, the addition of nucleic acids (150 mg mL À1 sh sperm DNA) to non-gel forming mucin (Muc_Ex_o/n) increased viscoelasticity (ESI Fig. S4 †) . 63 Additional DNA, however, did not inuence lubricity (ESI Fig. S5 †) . In conclusion, the rise of friction by a factor of 10 could not be explained with a high content of nucleic acids. On the contrary, the amount of DNA residues was reduced with the novel SLLE process.
Conclusion
In this study, a purication process for porcine gastric mucins 1 was further optimized in terms of productivity, yield and ease of scalability. Therefore, pig stomachs were homogenized to facilitate the collection of sample. A novel solvent extraction method, namely solid liquid liquid extraction (SLLE) was introduced, which combines the delipidation of lipid rich homogenized tissue using hexane with the extraction of (glyco-)proteins into the polar phase. SLLE is thus a promising alternative to non-scalable centrifugations in the early purication phase. With the new process step, process productivity and overall yields were signicantly increased. Gel formation of puried mucin was retained and lubricity was improved compared to commercially available mucins. The process unit of SLLE can easily be transferred to similar high molecular weight proteins. In order to retain the functional characteristics of future target proteins, the compatibility towards organic solvents needs to be investigated for each protein individually. Alternatively, less toxic solvents and ionic liquids might be promising for the purication of glycoproteins from animal tissue. These will be the subject of future investigations.
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